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This  program  was  performed  to  investigate  metal-insulator-raetal  (MIM) 
junctions  as  surface  sources  of  intermodulation  (IM)  on  Command,  Control, 
Communications,  and  Intelligence  (C3I)  aircraft.  The  IM  levels  generated 
by  MIM  junctions  were  evaluated  for  various  material  and  physical 
parameters  of  the  junctions  as  well  as  electromagnetic  properties  of  the 
applied  signals.  A  total  of  57  test  samples  were  fabricated  to  be 
representative  of  MIM  junctions  which  are  found  on  aircraft.  The  IM  s 
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levels  of  these  junctions  were  measured  using  a  previously  developed 
measurement  scheme.  Models  were  developed  which  describe  the  IM  behavior 
as  a  function  of  some  of  the  parameters.  These  parameters  include  input 
power,  temperature,  pressure,  material  and  construction  of  the  MIM 
junction.  The  changes  due  to  other  parameters  were  smaller  than  the 
variability  of  the  data  for  i  single  test  sample.  In  order  to  verify  the 
model,  two  additional  test  samples  were  constructed,  measured,  and 
compared  to  predicted  values. 


PREFACE 


[i 

N 


The  work  described  in  this  report  was  performed  by  personnel  of  the 
Electronics  and  Computer  Systems  Laboratory  (ECSL)  of  the  Georgia  Tech 
Engineering  Experiment  Station.  This  program  was  sponsored  by  the  United 
States  Air  Force  (AFSC) ,  Rome  Air  Development  Center  (RADC)  as  Contract  No. 
F30602-8 l-C-0268 .  The  program  was  monitored  by  Dr.  R.  Stratton  of  RADC.  The 
described  work  was  directed  by  Mr.  J.  A.  Woody,  Project  Director,  and  Mr. 
T.  G.  Shands,  Assistant  Project  Director,  under  the  technical  supervision  of 
Mr.  H.  W.  Denny,  Chief  of  the  Electromagnetic  Compatibility  Division.  This 
report  summarizes  Che  objectives,  activities,  and  results  of  an  investigation 
to  study  and  characterize  intermodulation  products  generated  in  metal- 
insulator -metal  junctions. 

The  authors  wish  to  express  their  appreciation  to  Mr.  David  A.  Kaiser  for 
his  dedicated  technical  efforts  toward  completing  this  project. 
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1.0  IHTR0D0CTI0H 


1.1  Background 

Intermodulacion  produces  (IMPs)  are  spurious  frequency  signals  generated 

by  nonlinear  components  and  devices.  Particularly  in  multiple  signal 

environments  like  those  encountered  on  Command,  Control,  Cotpmunicat ions ,  and 

3 

Intelligence  (C  I)  aircraft,  IMPs  generated  in  nonlinearities  may  seriously 
degrade  system  performance.  The  extent  of  system  degradation  from 
nonl inear ly-generated  spurious  signals  is  related  to  the  properties  of  the 
nonlinearities,  the  amplitude  of  the  applied  signals,  and  the  relative 
susceptibility  of  potential  receptors.  The  magnitude  and  frequency  of  the 
IHPs  are  related  to  the  voltage  transfer  characteristic  of  the  particular 
component  and  the  magnitude  and  frequency  of  the  injected  signals. 

The  transfer  characteristic  between  the  input  voltage,  e^,  and  the 
output  voltage,  e^,  for  a  component  is  typically  expressed  as: 


e 

o 


e . 


i 


(1) 


where  the  A's  are  constants  whose  values  are  dependent  upon  the  properties  of 
the  component.  The  first  term  of  Equation  11)  expresses  the  linear  (desired) 
transfer  function  of  the  component.  The  subsequent  aeries  of  terms  arise  from 
nonlinearities  in  the  transfer  function.  These  "nonlinear"  terms  provide  a 
measure  of  the  interference-producing  properties  of  the  component.  They 
indicate  the  degree  to  which  intermodulation  and  spurious  response  products 
may  be  produced,  the  degree  to  which  distortion  and  saturation  may  occur,  the 
degree  to  which  cross  modulation  may  result,  etc. 

For  example,  consider  the  case  where  the  input  signal  consists  of  two 
frequency  components  such  a3: 


=  Vj  cos(2?rfjt)  ♦  cos(2:.f2t) 
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From  Equation  Cl),  the  output  signal  will  be: 


e  3  A.  V .  cosO^f.t)  A,  V,  cos(2vf  t)  + 
oil  L  12  2 
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Expansion  of  the  infinite  summation  term  indicates  that  IMPs  are  generated  at 
frequencies  described  by  the  IMP  equation- 


f 

ran 


+  mf^  +  nf2 


(4) 


where  m  and  n  are  positive  integers  which  denote  the  various  harmonics  of  fj 
and  f2  and  the  sum  (m  +  n)  defines  the  order  of  the  IMP. 

Comprehensive  research  has  been  conducted  on  the  nonlinear 
characteristics  of  active  devices  such  as  transistors,  diodes,  integrated 
circuits,  and  other  semiconductor  PN  junctions  [  l]  ,  |  2l-  [  3].  Foi  such 
devices,  it  has  been  shown  analytically  and  experimentally  that  the  power 
relationship  between  the  level  of  the  extraneous  IMPs  generated  and  the  levels 
of  the  two  fundamental  input  signals  is: 


P  =  mP,  +  nP_  -  2CT0I) 
mn  1  2 


(3) 


where  P^  = 

P2  = 
P 

mn 

TOI  = 


power  in  dBm  of  the  input  signal  at  f^, 
power  in  dBm  of  the  input  signal  at  f. 

*■  j 

power  in  dBm  of  the  IMP  at  f  (see  Equation  (4)),  and 
r  nm  1 

the  third  order  intercept  point  in  dBm  which 

remains  a  constant  value  for  each  device. 


In  operational  situations  where  high  power  sources  coexist  with 
sensitive  receivers,  even  seemingly  inefficient,  i.e.,  weak,  IMP  generators 
may  lead  to  serious  interference  problems.  In  fact,  recent  evidence  indicates 
that  "passive"  components  may  be  sufficiently  nonlinear  to  produce  IM 
interference  [4  -  13].  Examples  of  passive  components  that  are  potential 
IMP  generators  include  raetaL-insulator-iaetal  (MIM)  junctions  [14],  [  13  ]  and 
coaxial  cables  and  connectors  (  16  ],  [17]. 
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The  generation  of  IMPs  in  passive  devices  arises  from  the  fact  that  most 
metals  in  air  intrinsically  possess  a  thin  layer  of  insulation.  This 
insulation  results  from  oxidation,  from  the  presence  of  foreign  impurities  on 
the  metal,  and  from  metal  treatment  processes.  When  two  metallic  bodies  are 
joined  (as  in  the  case  of  metal  panels  on  aircraft  surfaces)  a  metal- 
insulator-metal  interface  is  Mius  produced.  Under  the  proper  set  of 
conditions,  this  interface  is  capable  of  generating  IMPs.  It  may  be  expected 
that  the  IMP  levels  will  be  influenced  by  the  typec  of  materials  (metals) 
involved;  the  metal's  surface  state,  (e.g.,  presence  of  coatings  or  platings, 
roughness,  pressure);  the  type  of  junction  (e.g.,  riveted,  bolted,  welded, 
etc.),  which  will  affect  the  contacting  area  and  pressure;  environmental 
factors  (temperature  and  humidity’';  applied  power  level  (as  illustrated  by 
Equation  (5));  and  frequency. 

The  IMP  levels  and  their  relation  to  various  causative  parameters  have 

recently  been  determined  for  typical  coaxial  cable-connector  combinations 
3 

employed  on  C  I  aircraft  [18].  However,  these  levels  and  relationships  for 

representative  MIM  junctions  on  aircraft  have  not  been  previously 

investigated.  On  all  aircraft,  there  exist  numerous  MIM  junctions  due  to  the 

interfaces  between  the  various  metal  panels  which  form  the  exterior  surfaces 

of  the  aircraft.  As  more  and  more  sensitive  receivers  and  high  power 

3 

transmitters  are  placed  on  the  same  C  I  platforms,  the  potential  for  nonlinear 
interference  becomes  more  pronounced  and  harder  to  avoid.  Therefore,  to 
permit  prediction  and  analysis  of  IMPs  resulting  from  nonlinearities  in  MIM 

3  . 

junctions  on  C  I  aircraft,  more  accurate  definitions  of  the  potential  IMP 
levels  and  their  relation  to  the  various  junction  parameters  are  required. 
This  program  was  conducted  to  investigate  these  relationships. 

1.2  Program  Scope  and  Objectives 

The  scope  of  this  program  involved  the  investigation  of  passive  MIM 

junction  sources  of  IMPs  which  cause,  or  are  likely  to  cause,  interference  to 

3  .  . 

actual  Air  Force  airborne  C  I  systems.  Of  specific  concern  were  any  MIM 
junction  IMP  sources  (except  for  antennas)  which  receive  their  energy  from 
electromagnetic  radiation  and  which  in  turn  reradiate  the  IMP  energy. 

The  objective  of  this  effort  was  to  study  and  characterize  the  possible 
MIM  junction  IMP  sources  which  affect  the  reception  of  weak  signals  by 


3 


3 

aircraft  I  systems  in  the  frequency  range  of  3  MHz  to  10  GHz.  The 
characterization  of  the  IMP  source  should  define  the  IMP  signal  as  a  function 
of  the  input  signals  and  the  physical  specifications  of  the  HIM  junction. 

1.3  Program  Approach 

To  accomplish  the  above  objective,  n  12-month  analysis  and  measurement 
program  was  conducted.  Initially,  the  approach  was  to  develop  a  model  based  on 
quantum  electron  tunneling  theory  to  characterize  possible  M1M  junction  IMP 
sources.  After  an  in-depth  literature  review  and  a  detailed  analysis,  it  was 
concluded,  however,  that  an  empirical  approach  was  necessary,  and  the  best 
method,  for  achieving  the  stated  program  objective.  Thus,  a  number  of  typical 
MIM  junction  test  samples  were  fabricated  and  their  IMP  levels  were  measured. 
The  resulting  data  were  analyzed  and  a  model  was  developed  to  characterize  MIM 
junction  1M?  sources. 

Finally,  two  test  samples  were  selected,  fabricated,  and  measured  to 
assess  the  resulting  model. 
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2.C  THEORETICAL  APPROACH 


2.1  Electron  Tunneling  Model  Analyaia 

in  order  to  predict  the  IMP  levels  generated  by  MIM  junctions  on  board 
C^I  aircraft,  an  analytical  model  baaed  on  quantum  electron  tunneling  theory 
was  investigated.  Thi9  theory  states  that  electrons  can  "tunnel"  through  a 
classic'.lly  forbidden  region  such  as  a  thin  aluminum  oxide  insulating  layer 
between  two  aluminum  conductors.  The  current  across  this  insulator,  however, 
has  a  nonlinear  relationship  to  the  applied  voltage.  It  is  this  nonlinear 
current-voltage  (I-V)  relationship  that  results  in  the  IMP. 

Many  theoretical  investigations  have  been  conducted  to  derive  a 
nonlinear  I-V  relationship  from  electron  tunneling  theory  [  19  -  26]  .  The 
theory  states  that  the  wave  function  of  an  electron  traveling  through  a  MIM 
junction  matches  at  the  junction  boundaries,  as  indicated  in  Figure  1.  In  the 
tunneling  (insulating)  region  the  wave  function  decreases  exponentially,  but 
remains  relatively  large  if  the  insulator  is  thin  enough.  Therefore,  in  the 
second  conducting  region  there  is  a  probability  for  an  electron  to  have 
"tunneled"  through  the  insulator  from  the  first  conducting  region. 

The  WKB  approximation  (27]  can  be  used  to  calculate  the  probability  of  an 
electron  tunneling  through  the  trapezoidal  potential  barrier  shown  in  Figure 
1.  Neglecting  temperature  effects  and  the  image  force  potential,  the  equation 
describing  the  tunneling  current  density  J  for  the  trapezoidal  potential  can 
be  shown  to  be  [21]: 
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where  m  m  mess  of  an  electron, 

e  “  charge  of  an  electron, 

“K  ■  Planck's  constant  divided  by  2ir, 

V  ■  applied  potential  between  2  conductors, 

E_  “  Fermi  level  in  conductor  1, 

F1 

A<J>  *  the  difference  in  interface  potentials, 

E  ™  energy  of  electron  perpendicular  to  the  interface, 

<j>  q  *  height  of  the  potential  barrier,  and 
S  =  thickness  of  the  potential  barrier. 

Since  the  trapezoidal  potential  is  the  simplest  approximation  to  the 
actual  potential  barrier  shape  and  since  temperature  and  image  forces  are 
ignored,  Equation  (6)  is  the  simplest  equation  for  calculating  the  I-V 
relationship.  However,  even  this  equation  is  difficult  to  solve  exactly. 
Therefore,  several  methods  have  been  used  to  approximate  its  solution. 
Forlani  and  Minnaja  [ 21  ]  expanded  the  argument  of  the  exponential  about  the 
average  of  the  Fermi  levels,  while  Stratton  [  22]  expanded  this  argument  about 
the  higher  Fermi  level.  Still  others  have  used  different  approximations,  all 
of  which  resulted  in  different  forms  of  the  I-V  relationship. 

Even  if  a  "best"  solution  were  found  for  Equation  (6)  there  are  other 
limitations  to  the  theory.  The  equation  is  derived,  and  the  results  are  only 
valid,  for  a  constant  potential.  No  consideration  is  given  to  the  effects  of 
an  alternating  potential  with  a  frequency  in  the  3  MHz  to  10  GHz  range. 
Questions  also  exist  as  to  the  applicability  of  using  such  macroscopic 
parameters  as  the  dielectric  constant  for  an  insulator  that  is  only  a  few 
angstroms  thick.  Surface  roughness,  pressure  variations,  contaminants,  and 
even  shorts  through  the  insulator  surely  have  a  large  effect  on  the  amplitude 
of  die  generated  IMP  levels.  In  order  to  consider  the  effects  of  these 
parameters,  an  equation  for  tunneling  current  density  would  have  to  be  derived 
us\..g  a  three-dimensional  model  instead  of  the  one-dimensional  model  of 
Figure  1.  Obviously,  the  complexity  of  the  problem  increases  rapidly  when  the 
parameters  and  characteristics  of  realistic  MIM  junctions  in  actual 
environments  are  considered. 
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Much  experimental  research  has  also  been  done  [  28  -  34  ]  to  measure  the 
nonlinear  1-V  relationship  and  the  IMP  levels  generated  in  MIM  junctions.  The 
MIM  junctions  constructed  for  this  research,  however,  have  all  been  highly 
idealized.  Each  parameter  has  been  accurately  determined  using  standard 
metal  evaporation  and  controlled  oxidation  techniques.  These  junctions  bear 
as  little  resemblance  to  real  MIM  junctions  found  on  an  aircraft  as  Equation 
(6)  bears  to  a  realistic  I-V  equation.  Vet,  even  the  experimental  results 
from  these  idealized  junctions  are  not  accurately  predicted  by  the  electron 
tunneling  models.  The  measured  I-V  curves  at  dc  are  only  approximately 
similar  to  those  predicted.  Also,  using  the  measured  I-V  curve  to  calculate 
IMP  levels  gives  results  which  can  be  orders  of  magnitude  different  from  the 
measured  IMP  levels  [28]. 

One  must  conclude,  and  most  researchers  agree,  that  contemporary 
electron  tunneling  theory  cannot  real ist ical ly  predict  IMP  levels  produced  by 
MIM  junctions  on  aircraft  in  actual  working  conditions.  At  best  a  model  might 
be  developed  which  predicts  IMP  levels  on  idealized  MIM  junctions. 

2.2  Conclusions 

As  a  result  of  the  in-depth  literature  review  and  the  preceding  analysis 
of  electron  tunneling  theory,  it  was  concluded  that  a  MIM  junction  model  based 
on  this  theory  would  be  inadequate  for  the  following  reasons: 


o  Much  research  has  already  been  done  in  this  area  with  large 

disagreements  as  to  the  correct  form  of  the  tunneling  equations. 

o  Current  state-of-the-art  tunneling  theory  can  only  predict  I-V 

curves  at  dc  with  no  frequency  dependence. 

o  Measured  I-V  curves  on  carefully  controlled  idealized  MIM 

junctions,  even  at  dc,  are  not  accurately  represented  by 
contemporary  electron  tunneling  models. 

o  Due  to  the  large  number  of  variables  in  typical  (real-world)  MIM 
junctions  and  to  the  inherent  instability  of  the  phenomenon,  it  is 
the  opinion  of  most  researchers  that  an  electron  tunneling  model 

3 

cannot  predict  IMP  levels  on  C  I  platforms. 

o  If  an  electron  tunneling  model  were  developed,  it  would  at  best 

predict  IMP  levels  only  for  idealized  MIM  junctions  where  each 
parameter  was  carefully  controlled  and  measured. 
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3.0  MEASUREMENT  APPROACH 


3.1  Introduction 

Based  on  the  conclusions  in  the  previous  section,  a  measurement  approach 
to  MIM  junction  modeling  was  pursued.  It  was  decided  that  such  an  approach 
would  provide  a  higher  probability  of  developing  an  accurate  model  and  also 
establish  a  data  base  for  future  efforts.  Therefore,  model  development 

efforts  were  directed  to  the  following  tasks: 

o  Construct  a  variety  of  MIM  junctions  which  closely  resemble 

aircraft  panels,  parallel  industrial  construction  techniques,  and 
include  different  junction  parameters.  These  parameters  are  the 
number  of  rivets,  types  of  rivets,  typer  of  metal,  thicknesses  of 
metal,  chemical  treatments,  paint  primers,  and  sealants. 

o  Perform  measurements  on  the  test  samples  to  determine  the  effects 
of  the  different  junction  parameters  on  IMP  generation. 

o  Perform  measurements  on  a  selected  number  of  test  samples  to 

determine  the  effects  of  such  external  parameters  as  vibration, 
temperature,  pressure,  input  power,  and  frequency  on  IMP 

generat ion. 

o  Measure  the  IMP  levels  ori  at  least  one  panel  removed  from  an 

aircraft  to  provide  a  comparison  with  test  sample  data. 

o  Within  existing  program  constraints,  model  as  many  reliable 

relationships  between  measured  IMP  levels  and  the  selected 
parameteis  as  possible. 


3,2  Test  Samples 

In  order  to  design  the  test  samples,  an  aircraft  company,  Lockheeu- 
Georgia,  was  consulted  to  define  typical  aircraft  construction  practices  and 
materials.  It  quickly  became  apparent  that  an  extremely  large  number  of 
junctions  with  ditferent  parameters  exist  on  an  aircraft.  Furthermore,  the 
construction  techniques  and  the  materials  vary  between  different  companies 
and  even  between  different  aircrafts  manufactured  by  the  same  company.  In 
order  to  establish  a  realistic  bound  on  the  number  of  junctions  to  be 
constructed  and  tested,  test  samples  were  selected  to  represent  typical  MIM 
junctions  on  the  surfaces  of  aircraft  fuselage  and  wings  (these  junctions  are 
considered  to  be  the  most  probable  sources  of  IMP  generation  on  aircraft 
structures).  The  test  samples  were  constructed  with  variations  in  those 


junction  parameters  considered  to  be  of  major  concern  in  IMP  generation. 
Those  parameters  are  as  follows: 

o  rivet  patterns  (number  and  location) 

o  rivet  type 

o  metal  type  (alloy  type) 

o  metal  thickness 

o  chemical  treatment 

o  metal  primer 

o  sealant 

A  total  of  57  test  samples  as  identified  in  Appendix  A  were  chosen  to  be 
eva luated . 

The  construction  of  the  teat  samples  paralleled  closely  that  of 

industry.  First,  the  surfaces  of  the  aluminum  alloys  were  cleaned.  The  metal 

was  then  treated  with  a  chemical  process  that  placed  a  coating  or  an  oxidation 

layer  on  the  surface.  Next,  the  metal  was  sprayed  with  a  paint  primer. 

Finally,  the  rivet  holes  were  drilled,  a  sealant  was  spread  over  the  surfaces, 

and  the  panels  were  riveted  together.  Some  test  samples  were  more  idealized 

in  that  they  did  not  contain  one  or  more  of  the  above  steps  or  parameters  or 

were  constructed  in  a  special  manner.  This  made  it  possible  to  determine  the 

effect  of  some  parameters  in  the  absence  of  others.  For  example,  some  panels 

were  riveted  togethei  without  a  sealant,  one  was  cut  from  a  KC-135  aircraft 

panel,  and  others  were  solid  pieces  of  metal  without  a  junction. 

The  test  samples  were  usually  constructed  from  three  pieces  of  metal:  two 

of  which  are  4.75  inches  long  by  1.5  inches  wide  while  the  third  is  5.25 

inches  long  by  1.5  inches  wide.  The  two  shorter  pieces  were  placed  end  to  end 

with  the  longer  one  overlapping  and  forming  the  junction  as  shown  in  Figure  2. 

The  test  sample  was  then  placed  inside  a  shielded  box  (test  jig).  The  Lest 

sample  was  positioned  the  correct  distance  above  a  ground  plane  to  insure  a 

★ 

characteristic  50-ohm  impedance.  The  ends  of  the  test  sample  were  soldered 

*  Measurements  indicate  that  the  test  sample/test  jig  combination  must  match 
the  50-ohm  characteristic  impedance  of  the  remainder  of  the  test  setup  or  the 
measured  data  will  be  inaccurate.  A  VSWR  of  1.5:1  can  change  the  measured  IMP 
level  by  as  much  as  10  dB  compared  to  a  VSWR  of  approximately  1:1. 
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FIGURE  2.  TEST  ‘4PLE  WITH  TEST  JIG, 


with  an  ultrasonic  soldering  iron  to  two  Type  N  connectors  mounted  on  the  test 
jig.  The  ultrasonic  soldering  iron  removes  the  oxide  layers  from  the  surfaces 
so  that  the  solder  can  bond  the  test  sample  to  the  connector  without  forming  a 
HIM  junction. 

3.3  IM  Measurements 

The  general  block  diagram  for  the  measurement  test  setup  is  shown  in 
Figure  3  (further  details  are  given  in  Appendix  B).  As  shown  in  this  figure, 
two  fundamental  signals,  one  at  375  MHz  and  the  other  at  400  MHz,  are  combined 
such  that  an  input  power  level  of  +44  dBm  is  applied  to  the  test  sample.  The 
signals  then  pass  through  the  test  sample  and  are  terminated  in  a  50-ohm  load. 
Signals  from  the  test  sample  are  coupled  off  at  a  reduced  level  and  examined 
with  a  spectrum  analyzer  for  third  order  IMPs  at  350  MHz. 

This  measurement  scheme  was  developed  and  evaluated  on  a  recent  RADC 
sponsored  research  effort  to  measure  the  levels  of  IMPs  generated  in  coaxial 
cables  and  connectors  [18].  A  measure  of  the  repeatability  of  the  test  setup 
at  that  time  showed  that  over  90%  of  the  IMP  measurements  were  repeatable 
within  3  dB,  over  80%  within  2  dB,  and  over  half  within  1  dB.  The 
repeatability  of  the  test  setup  was  re-evaluated  for  the  current  program  with 
test  samples  from  the  previous  program.  The  results  were  the  same. 

The  reliability  of  the  test  setup  .*n  measuring  the  actual  IMP  levels  was 
also  determined.  The  test  setup  was  carefully  calibrated  and  its  sensitivity 
and  inherent  (residual)  IMP  levels  measured.  The  sensitivity,  which  is  simply 

&'icA f 

the  noise  floor  or  the  minimum  measurable  signal,  was  -126  dBm.  Since  the 
test  setup  consists  of  many  metal  components  connected  together,  it  contains  a 
large  collection  of  MIM  junctions  similar  to  the  te-st  sample.  Therefore,  the 
inherent  IMP  level  is  the  level  produced  by  the  test  letup  when  no  test  sample 

*The  solder  used  with  the  ultrasonic  soldering  iron  was  proprietary.  It  is 
stock  number  S-100A-XX,  manufactured  by  Fibra  Sonics,  In'.. 

**The  input  power  level  is  defined  as  the  linear  sum  of  -.he  power  levels  of 
the  two  equal  amplitude  fundamental  signals  at  the  input  >f  the  test  sample 
(e.g.,  an  input  power  of  +44  dBm  implies  that  P^  =  ?2  “  +4  dBm). 

- 

The  power  levels  given  in  this  report  for  sensitivity  .  nd  IMPs  are  the 
values  at  the  output  of  the  test  sample. 
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18  present.  This  level  was  reduced  to  -104  dBm  using  previously  identified 
techniques  and  precautions  [ 18] .  Such  precautions  include  cleaning  the 
mating  surfaces  of  coaxial  connectors  and  coating  them  with  a  conductive 
grease,  carefully  threading  the  connectors  and  tightening  them  with  hand 
tools,  and  rigidly  mounting  the  equipment  to  reduce  vibrations.  Finally,  a 
measurement  was  defined  to  be  valid  only  if  it  was  >  3  dB  above  the  larger  of 
the  sensitivity  or  inherent  IMP  levels,  i.e.,  >  -101  dBm. 

All  57  test  samples  were  then  measured  with  the  test  setup  (using  the 
procedures  described  in  Appendix  C)  to  determine  the  effects  of  junction 
parameters  on  IMP  generation.  Next,  the  effects  of  the  external  parameters 
were  determined.  Vibration  was  applied  by  simply  shaking  the  test  sample. 
This  was  done  for  every  test  sample  and  is  included  in  the  measurement 
procedures.  Several  of  the  more  stable  test  samples  were  then  selected  as 
controls  to  determine  the  effects  of  the  remaining  external  parameters.  The 
first  such  parameter  was  temperature.  The  temperature  of  the  test  sample  was 
increased  (or  decreased)  to  a  desired  level  and  allowed  to  return  to  ambient 
temperature.  The  junction  temperature  was  changed  by  heating  with  a  200  W 
soldering  iron  (or  by  cooling  with  a  circuit  coolant  spray).  The  temperature 
was  monitored  with  a  laboratory  grade  thermometer.  At  different  temperatures 
between  9°  C  and  100°  C,  the  IMP  levels  were  recorded. 

The  effect  of  applying  an  external  pressure  to  the  test  sample  was  next 
determined  by  monitoring  the  IMP  levels  as  the  test  sample  was  squeezed 
between  two  0.75-inch  diameter  teflon  rods.  One  rod  was  placed  between  the 
test  sample  and  the  ground  plane  to  maintain  the  correct  spacing  while  a  force 
was  applied  to  the  junction  with  the  second  rod.  The  magnitude  of  the 

ic 

external  pressure  was  varied  from  0  to  5  PSI  and  measured  with  a  spring 
scale.  To  determine  the  effect  of  power,  the  power  level  of  one  or  both 
fundamental  frequencies  was  then  varied  from  +26  dBm  (.4  watts)  to  +49.5  dBm 
(89  watts)  as  the  resulting  IMP  levels  were  recorded. 

The  final  external  parameter  evaluated  was  frequency.  Three  test 
samples  were  measured  at  six  IMP  frequencies  between  22  MHz  and  1117  MHz. 
These  IMP  frequencies  and  the  associated  frequencies  of  the  fundamental  input 


*  A  maximum  external  force  of  39  lbs  was  applied  to  the  junction  which  had  a 
cross  sectional  area  of  7.88  in^. 
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signals  are  given  in  Table  1.  Each  time  frequency  was  changed,  the  test  setup 
had  to  be  changed.  Details  of  the  test  setup  for  each  frequency  are  discussed 
in  Appendix  B.  Each  test  setup  was  evaluated  with  respect  to  repeatability 
and  reliability  as  described  for  the  basic  test  setup  at  350  MHz.  The 
repeatability  results  were  the  same  as  stated  previously.  The  minimum 
measurable  IMP  levels  that  are  valid  along  with  the  sensitivity  and  inherent 
IMP  levels  are  given  in  Table  2. 

3.4  Data  Analysis 

'>.4.1  Junction  Parameters 


The  measured  IMP  levels  for  all  of  the  57  test  samples  with  a  total  input 

power  of  +44  dBm  and  a  frequency  of  350  MHz  are  recorded  in  Appendix  D  and 

shown  graphically  in  Figure  4,  Each  "x"  in  this  figure  indicates  an  IMP  level 

which  remained  stable  or  constant  during  its  measurement.  Each  solid  line 

★ 

represents  an  IMF  level  which  way  unstable  and  varied  continuously  over  a 
wide  range  of  values  during  its  measurement. 

It  is  clear  from  Figure  4  that: 


o  Typical  aircraft  MIM  junctions  do  produce  third-order  IMPs  which 
can  be  relatively  large.  The  IMP  levels  for  the  MIM  junction  test 
samples  ranged  over  more  than  70  dB.  (The  highest  values  are  as  much 
as  30  IB  higher  than  the  highest  IMF  measured  in  cables  and 
connectors  at  the  same  frequency  and  input  power  t  18].)  The  high  IMP 
levels  are  especially  significant  when  compared  with  predictions 
from  electro,  tunneling  theory.  Most  of  the  surfaces  of  the  metals 
used  to  construct  test  samples  were  treated  chemically  and  sprayed 
with  a  primer  so  that  there  is  an  insulating  layer  on  the  order  of 
one  mil  thick.  This  is  approximately  5000  times  too  thick  for 
electrons  to  "tunnel"  through  [32].  Therefore,  according  to 
electron  tunneling  theory,  there  should  be  no  measurable  IMPs. 


♦Unstable  IMP  levels  could  usually  be  associated  with  the  vibrations  applied 
to  the  test  sample  either  on  purpose  or  accidentally.  In  many  cases,  very 
small  accidental  vibrations  caused  large  variations  in  the  IMP  levels.  When 
vibrations  ceased,  the  IMP  levels  temporarily  stabilized  at  some  random  level 
between  the  extreme  values  for  the  range.  Stat'e  IMP  levels,  on  the  other 
hand,  remained  constant  even  when  large  vibrations  were  applied  to  the  test 
sample.  However,  measured  values  of  stable  IMP  levels  were  not  necessarily 
repeatable . 
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TABLE  1 


IMP  TEST  rrjjQOEMCIES 


IMP  Frequency 

Fundamental  Sipnal  Fiequencies 

fIM 

fl 

f2 

(MHz) 

(MHz) 

(MHz) 

21. 9* 

19.89* 

17.88* 

200 

250 

225 

275 

250 

225 

350 

400 

375 

425 

400 

375 

1117.09* 

1036.28* 

955.47* 

*These  specific  frequencies  were 
filters.  The  IMP  frequencies  of 
in  this  report  by  their  nominal 

selected  because  of 
21.9  MHz  and  1117.09 
values  of  22  MHz  and 

the  availability  of 

MHz  are  referred  to 
1117  MHz,  respectively 
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TABLE  2 


SENSITIVITY  LEVELS,  INHERENT  IMP  LEVELS,  AND  MINIMUM 
VALID  IMP  LEVELS  OF  T1TST  SETUPS 


Nominal 

IMP 

Frequency 

Sensitivity 

Leve  1 

Inherent 

IMP 

Level 

Valid 

IMP 

Leve  1 

(MHz) 

( dBm) 

(dBm) 

( dBm ) 

22 

-8  7 

-80 

1  -77 

200 

-126 

-104 

>-101 

275 

-126 

-49 

1  ~96 

350* 

-126 

-104 

>-101 

350** 

-126 

-66 

>  -63 

425 

-126 

-70 

>  -6  7 

1117 

-100 

-78 

>  -7  5 

*These  levels  are  included  again  for  completeness. 

**The  test  setup  was  changed  in  order  to  accommodate  input  power  levels 
higher  than  +44  dBm. 


MEASURED  IMP  LEVEL  v*.  TEST  SAMPLE 
INPUT  POWER  -  +AA  dtlm 
FREQUENCY  -  350  MH» 
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FIGURE  A.  MEASURED  IMP  LEVELS  FOR  ALL  57  TEST  SAMPLES. 
<CONT I NUED) 


MEASURED  IMP  LEVEL  v®.  TEST  SAMPLE 
INPUT  POWER  -  +44  dBm 
FREQUENCY  -  930  MH* 


o 


The  IMPs  produced  in  a  typical  aircraft  MIM  junction  are  usually 
very  unstable  with  a  wide  range  of  possible  values.  Of  the  57  test 
samples  measured,  40  produced  unstable  IMP  levels  with  variations 
as  high  as  60  dB.  Even  measurement  data  on  stable  IMP  levels  could 
generally  not  be  repeated.  For  example,  Test  Sample  #4  produced 
50  dB  differences  between  its  minimum  and  maximum  stable  levels. 
Furthermore,  some , junctions  which  produced  stable  levels  during  one 
measurement  produced  unstable  levels  during  another  as  shown  by  the 
data  on  Test  Samples  #4,  #5,  and  #7.  Yet,  others  were  extremely 
repeatable  such  as  Test  Sample  #30  which  had  14  measurements 

•jf 

falling  within  +  3  dB  . 


The  specific  physical  characteristics  of  each  of  the  samples  represented 
in  Figure  4  are  listed  in  Appendix  A.  An  examination  of  this  listing  allows 
the  data  of  Figure  4  to  be  evaluated  for  those  factors  which  may  be 
contributing  to  either  the  magnitude  or  the  behavior  of  the  IMP  characteristic 
of  a  particular  MIM  junction.  Individual  causative  factors  can  not  be 
identified  from  Figure  4  alone.  However,  Appendix  A  lists  the  samples 
according  to  commonalities  in  material  types,  metal  thickness,  surface 
treatments,  etc.  Thus,  through  a  cross  matching  between  the  IMP  levels  of 
Figure  4  and  the  junction  characteristics  of  Appendix. A,  correlations  may  be 
attempted. 


*0ne  possible  explanation  for  the  observed  instabilities  is  as  follows:  In 
constructing  the  test  samples,  the  rivet  holes  were  drilled  after  all  of  the 
surface  treatments  except  sealant  were  applied.  The  rivet  holes,  therefore, 
penetrated  the  insulating  layers  of  chemical  treatments  and  primers  that  are 
too  thick  for  electrons  to  "tunnel"  through.  A  sealant  was  next  applied,  and 
rivets  were  inserted  and  "riveted".  The  sealant,  however,  is  a  viscous 
material  that  can  flow  between  the  rivet  walls  and  the  rivet,  producing  an 
insulating  layer  that  is  likely  to  be  nonuniform.  In  some  places  the  sealant 
may  be  thin  enough  for  electron  tunneling  whereas  in  others  much  too  thick. 
Therefore,  chance  differences  in  constructing  two  test  samples  could  have 
significant  effects  on  IMP  generation  even  though  identical  materials  were 
used.  Some  rivets  could  have  a  more  uniform  coating  of  sealant  and  produce 
stable  IMPs  while  others  with  nonuniform  coatings  could  produce  unstable 
IMPs.  Vibration  could  possibly  squeeze  the  sealant  and  increase  or  decrease 
this  nonuniform  insulating  barrier,  resulting  in  unstable  IMP  levels.  Test 
samples  without  sealant,  however,  would  have  a  very  uniform  aluminum  oxide 
layer  between  the  rivet  walls  and  the  rivet,  resulting  in  relatively  stable 
IMP  levels. 
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For  example,  Appendix  A  shows  that  Samples  1-8  are  2024-T3-A  aluminum 
alloy.  All  of  the  samples  are  63  mils  thick  but  are  subjected  to  different 
chemical  treatments,  metal  primers,  use  of  sealants,  and  number  of  rivets. 
Thus,  the  differences  in  IMP  levels  and  their  relative  stabilities  may  be 
attributable  to  these  different  parameters.  For  example,  Samples  1-3  have  no 
surface  treatments  and  Samples  1  and  2  show  widely  varying  and  generally 
unstable  IMP  levels,  while  Sample  3  exhibits  repeatable  levels.  Samples  1  and 
2  have  a  sealant  applied  and  are  constructed  with  single  rivets  while  3  has  no 
sealant  and  uses  4  rivets.  (No.  3  was  also  exposed  to  weathering  effects.) 
Samples  4-8  all  use  sealant  and  are  constructed  with  one  rivet  on  each  side  of 
the  joint.  Differing  surface  treatments  are  used  and  the  IM  levels  show  even 
greater  variations  in  behavior  than  do  Samples  1-3.  Thus,  the  results  on 
these  eight  samples  tend  to  point  toward  either  the  sealant  or  number  of 
rivets  as  the  primary  contributors  to  the  IMP  level  and  behavior 
characteristics  of  the  junction.  Unfortunately,  they  do  not  permit  the 
causative  parameters  to  be  quantified. 

Note,  that  Samples  40—45  are  also  2024— T3— A  aluminum  alloy  and  are  63 
mils  thick;  they  have  no  surface  treatments,  do  not  contain  sealants,  and  are 
constructed  with  different  numbers  of  rivets.  Figure  4  shows  that  the 
measured  IMP  levels  still  exhibit  mixed  characteristics  of  stable  and 
unstable  levels,  although  the  levels  are  generally  lower  than  those  of  Samples 
1-8.  These  comparisons  tend  to  suggest  that  surface  treatments  are  more 
important  than  rivets  to  the  junction's  IMP  behavior. 

Samples  15-33  are  constructed  with  single  rivets  on  each  side  of  the 
joint.  Various  combinations  of  surface  treatments  and  use  of  sealants  are 
represented  in  these  samples.  Both  stable  and  unstable  product  levels  are 
evident  in  the  data.  It  is  difficult  to  discern  which  of  the  surface 
treatments  are  responsible  for  the  product  characteristics.  For  example, 
Sample  No.  19  and  Sample  No.  30  are  similarly  constructed  with  a  sulfuric  acid 
treatment  and  both  have  epoxy  polyamide  primers,  yet  the  IMP  levels  are 
different  by  40  dB.  No.  23  utilizes  a  clear  conversion  coating  and  epoxy 
polyamide  primer  and  exhibits  a  stable  IMP  level  that  is  about  60  dB  less  than 
No.  30.  Thus,  for  similar  surface  treatments  and  primers,  a  wide  range  in 
behavior  of  IMP  levels  and  their  stabilities  is  evident  —  some  levels  are 
low,  some  are  high,  some  are  stable,  and  some  are  unstable. 
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The  type  of  metal  forming  the  junction  is  important.  For  example, 
consider  Samples  50-55.  These  are  non-aluminum  samples  with  no  surface 
treatments  and  in  general,  the  IMP  levels  generated  by  these  samples  are 
relatively  low  and  stable. 

The  examination  of  the  measured  IMP  behavior  in  this  manner  indicates 
that  certain  parameters  of  the  junction,  namely  surface  treatments  and 
sealants,  exert  a  stronger  influence  on  the  level  and  stabilities  of  the 
products  than  do  other  parameters,  e.g.,  rivets.  However,  it  does  not  permit 
the  influence  of  a  particular  parameter  to  be  quantified. 

A  further  evaluation  of  possible  relationships  between  junction 
parameters  and  IMP  levels  can  be  done  by  grouping  the  various  junctions 
together  so  as  to  allow  direct  comparison  of  results  produced  by  junctions 
having  only  individual  differences  in  their  construction.  Table  3  represents 
one  such  grouping.  This  arrangement  permits  the  effects  of  individual 
parameters  to  be  observed  independent  of  the  effects  of  other  parameters.  For 
example,  to  determine  the  effects  of  rivet  patterns  and  numbers  on  IMP  levels, 
Group  #29  (test  samples  #3,  #40,  #41,  #42,  #43,  and  #44)  would  be  selected. 

From  an  initial  review  and  analysis  of  the  Table  3  data,  it  is  clear 
that,  because  of  the  large  variations  in  unstable  IMP  levels,  it  is  difficult 
to  identify  significant  data  trends  or  characteristics  from  unstable  IMP 
data.  For  instance,  note  from  Figure  4  that  the  IMP  levels  for  the  test 
samples  in  Group  #29  have  variations  between  10  dB  and  40  dB.  Therefore,  the 
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effect  of  rivet  patterns  on  IMP  levels  can  hardly  be  determined  unless  it 


*The  column  l,Rivet  Type”  in  Table  3  compares  test  samples  constructed  with 
different  types  of  rivets  as  well  as  test  samples  constructed  from  a  solid 
piece  of  metal  with  no  rivets  or  junctions.  In  the  test  samples  with 
junctions  there  are  two  possible  sources  of  IMPs.  One  is  the  test  junction  to 
be  measured  and  the  other  is  the  solder  junction  between  the  test  sample  and 
the  test  jig.  In  the  test  samples  without  junctions,  the  only  possible  source 
of  IMPs  is  the  solder  junction.  In  every  case  the  test  samples  with  no 
junctions  produced  lower  IMP  levels  than  those  with  junctions.  For  example, 
Test  Sample  #50  in  Group  31  was  constructed  from  a  solid  piece  of  copper  while 
Test  Sample  #51  was  constructed  from  three  pieces  of  copper  which  were  riveted 
together.  Test  Sample  #50  had  an  average  IMP  level  which  was  5  dB  lower  than 
Test  Sample  #51.  Thus,  it  is  concluded  that  the  major  source  of  IMP 
generation  is  indeed  the  test  junction  and  not  the  solder  junction. 
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TEST  SAMPLE  PARAMETERS 
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TEST  SAMPLE  PARAMETER  COMPARISON 


j 


TABLE  3  (Continued) 


TABLE  3  (Continued) 


3  (Continued) 


(Cont inued) 


TABLE  3  (Concluded) 


makes  greater  than  10  dB  difference.  Even  then,  it  is  difficult  to  ascertain 
whether  the  effect  is  due  to  the  rivet  pattern  or  a  change  in  the  unstable  IMP 
levels.  For  this  reason,  only  the  stable  IMP  levels  should  be  used  to  analyze 
possible  test  sample  parameter/IMP  level  relationships.  For  each  test 
sample,  the  stable  IMP  levels  are  averaged  to  give  one  number.  These 
averaged,  stable  IMP  levels  are  included  in  Table  3. 

An  examination  of  the  groupings  in  Table  3  permits  further  evaluation  of 
the  effects  of  individual  junction  parameters  to  be  made.  For  example, for 
each  comparison  of  stable  IMP  levels  in  Groups  9-17  between  teat  samplea  that 
have  a  chromic  acid  anodizing  treatment  and  those  with  a  sulfuric  acid 
anodizing  treatment,  chromic  acid  anodizing  treatments  appear  to  produce 
lower  IMP  levels.  Also,  a  comparison  of  stable  IMP  levels  between  samples 
with  different  primer  types  (Groups  18-26)  indicates  that  zinc  chromate 
primer  is  generally  associated  with  higher  levels  than  is  epoxy  polyamide. 
Because  the  data  for  certain  parameters  are  limited,  the  results  cf  this 
process  were  inconclusive.  Consequently,  an  alternative  approach  to  the 
formulation  of  ar.  expression  (i.e.,  model)  describing  the  behavior  of  IMP 
levels  with  different  joint  parameters  was  sought. 

The  alternate  approach  was  to  evaluate  the  average  of  the  stable  IMP 
levels  for  test  samples  that  contain  the  same  value  for  one  parameter.  If 
this  parameter  makes  a  large  change  in  the  IMP  levels,  then  an  average  of  all 
test  samples  constructed  with  one  value  for  that  parameter  should  be  different 
from  an  average  of  all  test  samples  with  a  different  value  for  the  same 
parameter  regardless  of  what  other  parameters  change.  Obviously  only  those 
parameters  that  result  in  gross  changes  i r«  IMP  levels  can  be  discovered  in 
this  manner. 

With  this  alternate  approach,  all  of  the  averaged  stable  IMP  levels  for 
test  samples  with  a  chromic  acid  anodizing  treatment  were  compared  to  the 
average  of  the  stable  IMP  levels  for  test  samples  with  a  sulfuric  acid 
anodizing  treatment.  The  value  for  chromic  acid  anodizing  treatments  was 
higher  than  the  value  for  sulfuric  acid  anodizing  treatments,  which  is  a 
different  result  than  indicated  above.  Comparison  of  the  product  levels 
exhibited  by  samples  having  a  zinc  chromate  primer  with  those  having  a  epoxy 
polyamide  primer  shows  that  the  mean  levels  are  within  1  dB  of  each  other 
which  does  not  substantiate  the  previous  quantitative  observation. 
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In  this  manner  all  of  the  junction  parameters  were  examined.  Except  for 
sealant,  either  no  effect  was  observed  or  the  effect  was  found  to  be  small 
relative  to  the  repeatability  of  the  data.  Using  a  sealant  in  the  teat  samole 
construction,  however,  caused  an  average  increase  in  IMP  levels  and  the  levels 
showed  greater  instabilities.  The  average  of  the  stable  IMP  levels  of  all 
junctions  constructed  without  a  sealant  was  —93  dBm  with  a  standard  deviation 
of  6  dB.  The  average  of  the  stable  IMP  levels  of  junctions  constructed  in  a 
similar  manner,  but  with  a  sealant,  was  -72  dBm  with  a  standard  deviation  of 
18  dB. 

In  conclusion,  these  various  analyses  of  the  measured  data  do  not  yield 
definitive  relationships  between  the  IMP  levels  and  particular  joint 
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parameters.  The  data  do  show  that  aluminum  joints  constructed  like  those 
3 

found  on  C  I  platforms  can  be  sources  of  potentially  troublesome  IM  products. 
The  products  generated  by  these  joints  are  indeed  shown  to  be  highly  variable, 
both  with  time  and  with  physical  parameters.  Unfortunately,  the  particular 
causative  junction  parameters  are  not  clearly  evident.  Although  surface 
treatments  appear  to  be  a  strong  factor  in  the  behavior  of  the  products,  the 
specific  relationships,  except  for  sealant,  between  product  levels  and 
surface  treatments  can  not  be  defined  from  the  measured  data. 

3.4.2  External  Parameters 

The  effect  of  such  external  parameters  as  vibration,  temperature, 
pressure,  and  frequency  on  IMP  generation  was  next  determined.  Test  Samples 
#30,  #6,  and  #4  were  chosen  as  controls.  Test  Samples  #30  and  #6  were  chosen 
because  they  were  the  most  stable  test  samples  that  produced  high  IMP  levels. 
Test  Sample  #4  was  chosen  as  typical  of  test  samples  with  unstable  as  well  as 
stable  IMP  levels  and  large  variations  in  both. 


*In  order  to  determine  if  the  constructed  test  samples  and  results  were 
indicative  of  MIM  junctions  found  on  actual  planes,  a  panel  cut  from  a  KC-135 
aircraft  was  measured.  This  panel  (Test  Sample  #46)  had  IMP  levels  that  were 
unstable  and  ranged  from  -74  dBm  to  -101  dBm.  These  values  were  within  the 
range  of  those  for  other  test  samples  and  typical  of  most. 
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The  data  recorded  on  Test  Sample  #30  for  temperature  versus  IMP  levels  is 
shown  in  Figure  5  and  given  in  Appendix  D.  Two  sets  of  data  are  shown  which 
were  taken  at  different  times.  Both  data  sets  show  an  increase  in  IMP  levels 
of  approximately  1  dB  for  every  10°  C  as  shown  with  the  straight  lines  plots. 
Most  importantly,  however,  the  heating  seemed  to  have  a  permanent  effect  on 
IMP  generation.  When  the  test  sample  returned  to  ambient  temperature  the  IMP 
level  remained  stable,  but  at  a  different  value  than  before.  (If  sealant  is 
the  primary  insulator  as  suggested,  an  increase  in  temperature  could  cause  the 
sealant  to  flow  resulting  in  this  permanent  change  in  the  IMP  level.) 

Applying  an  external  pressure  to  Test  Sample  #30  caused  no  change  in  the 
IMP  level.  The  same  result  was  observed  for  Test  Sample  #6.  For  Test  Sample 
#4,  however,  a  decrease  in  the  IMP  level  occurred  as  the  external  pressure  was 
increased.  This  variation  is  qualitively  represented  in  Figure  6.  Recall 
that  both  Test  Samples  #30  and  #6  had  fairly  stable  and  repeatable  IMP  levels. 
Test  Sample  #4,  on  the  other  hand,  had  unstable  as  well  as  stable  IMP  levels, 
both  with  large  variations.  The  maximum  and  minimum  values  shown  in  Figure  6 
are  approximately  the  same  as  measured  previously  for  Test  Sample  #4  with  no 
external  pressure.  These  results  suggest  that  the  IMP  levels  of  junctions 
with  unstable  levels  can  be  reduced  by  applying  an  external  pressure,  i.e., 
bonding  them  more  tightly. 

Test  Sample  #30  was  also  used  to  determine  the  effect  of  the  input  power 
levels  of  each  fundamental  frequency  on  IMP  generation.  Figure  7  and 
Appendix  D  give  each  data  point  in  sequential  order.  For  the  points  1-10  and 
24  -  33  the  input  power  P^  was  kept  constant  while  P^  was  varied.  In  general 
the  change  between  these  points  is  approximately  a  2  dB  increase  in  IMP  level 
for  each  1  dB  increase  in  input  power,  i.e.,  a  slope  of  2.  For  points  11  -  16 
and  34  -  37,  the  input  power  P^  was  kept  constant  while  was  varied.  The 
8 lope  between  each  of  these  points  is  approximately  1.  Finally,  for  the 
points  17  -  23  and  38  -  39,  P^  was  kept  equal  to  ?2  and  both  were  varied.  The 
average  slope  here  is  3. 

Between  the  measurements  for  points  23  and  24,  elements  of  the  test  setup 
were  changed  to  accomodate  fundamental  power  levels  greater  than  +41  dBm.  As 
observed  on  the  previous  effort  [  18],  this  change  in  the  test  setup  results  in 
unexplained  shifts  in  the  measured  IMP  levels  (as  much  as  30  dB  in  Figure  7) 
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even  for  Che  sane  fundamental  power  levels.  The  other  shifts  in  IMP  levels  in 
Figure  7  appear  to  occur  after  one  of  the  fundamental  power  levels  is 
increased  above  +47  dBm.  This  observation  indicates  that  large  RF  power 
levels  may  also  cause  unexplained  shifts  in  the  measured  IMP  levels.  (It  is 
noted  that  the  average  slopes  are  the  same  before  and  after  the  shifts.) 

Using  the  average  slopes,  the  level  of  this  particular  IMP  can  be  related 
to  the  fundamental  input  powers  by: 


PIM  =  2P1  +  + 


(7) 


where  P... 

In 


"X" 


power  in  dEm  of  the  IMP  at  2f^  -  f ^  > 

power  in  dBm  of  the  input  signal  at  frequency  f ,  , 

power  in  dBm  of  the  input  signal  at  frequency  f 2>  and 

a  level  in  dBm  which  has  been  shown  to 

change  as  much  as  30  dB. 


The  corresponding  relationship  between  IMP  levels  and  fundamental  input 
powers  for  semiconductor  devices  has  been  shown  to  be  [  33] : 


PJM  =  2P1  +  P2  -  2 (T01 )  (8) 

where  P^  =  power  in  dBm  of  the  input  signal  at  frequency  fj, 

■  power  in  dBm  o  ‘  Che  input  signal  at  frequency  f  ,  and 

TO I  =  the  third  order  intercept  point  in  dBm  which 
remains  a  constant  value  for  each  device. 


Tlie  M1M  junction  model  (Equation  (7))  is  similar  to  the  semiconductor 
model  (Equation  (8)).  The  only  difference  is  that  the  third  order  intercept 
in  Equation  (8)  is  a  constant  for  each  device  whereas  ”X"  in  Equation  (7)  can 
have  several  values  for  a  single  MIM  junction.  The  changes  in  "X"  apparently 
depend  on  the  components  used  in  the  test  setup  and  the  maximum  power  that  has 
been  applied  to  the  test  sample.  As  a  result  of  the  variable  nature  of  "X",  it 
is  difficult,  and  not  con3idered  meaningful,  to  define  the  equivalent  of  a 
third  order  intercept  for  a  MIM  junction  test  sample.  Although  the  MIM 
junction  IMP  levels  increase  with  the  input  signal  levels  in  the  correct 
proportions,  the  data  curves  lend  to  be  multivalued.  Thus,  efforts  to  project 
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(i.e.,  model)  IMP  levels  produced  at  one  input  power  level  to  those  produced 
at  another  input  power  level  should  be  approached  with  caution. 

The  final  external  parameter  to  be  examined  is  frequency.  The  IMP  levels 
of  Test  Samples  #30,  #6,  and  #4  versus  frequency  are  shown  in  Figures  8,  9, 
and  10,  respectively.  This  data  is  also  recorded  in  Appendix  D.  As  seen 
collectively  in  all  the  figures,  no  well  ordered  relationship  is  evident.  For 
example,  in  Figure  8  the  frequency  behavior  of  the  IMP  levels  could  be 
described  as  a  constant  value  of  -38  dBm  with  a  +  10  dB  spread.  Figure  9. 
however,  tends  to  suggest  decreasing  levels  with  frequency  or  perhaps 
quadratic  behavior.  The  IMP  levels  shown  in  Figure  10,  on  the  other  hand,  can 
not  be  described  very  well  because  of  the  erratic  behavior  of  the  products. 
The  levels  measured  at  all  frequencies  between  22  MHz  and  1117  MHz  fall  within 
the  range  of  levels  shown  in  Figure  4  for  350  MHz.  Thus,  no  clear  dependence 
on  frequency  was  noted  for  IM  products  produced  by  the  various  junctions. 

3.5  HIM  Junction  Model 

3 

C  I  platforms  are  heavily  populated  with  transmitters  and  receivers  and 
with  MIM  junctions.  Systems  EMI  analyses  of  such  platforms  depend  upon 
established,  quantative  relationships,  i.e.,  models,  of  the  various 
interference  sources.  Since  MIM  junctions  have  indeed  been  shown  to  readily 
produce  interference  products,  a  quantative  model  of  junction  behavior  is 
highly  desirable.  Unfortunately,  as  the  previous  discussion  illustrates,  the 
IM  products  produced  by  typical  MIM  junctions  do  not  exhibit  well  ordered 
behavior  with  the  internal  factors  of  rivet  numbers,  rivet  patterns,  metal 
alloy,  metal  thickness,  chemical  treatment,  metal  primer,  and  sealant.  More 
definitive  relationships  between  IMP  behavior  and  the  external  factors  of 
temperature,  pressure,  power  of  fundamental  signals,  and  frequency  were 
noted.  Hie  behavior  with  pressure  proved  to  be  more  qualitative  than 
quantitative;  the  results  with  frequency  were  mixed.  The  results  of  the 
temperature  tests  indicated  that  IMP  levels  appeared  to  increase  1  dB  for  each 
10  degrees  change  from  ambient,  or 

A IMP  (dB)  -  T-28  (9) 

10 
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where  T  equals  the  temperature  in  degrees  Celsius  of  the  junction  and  ambient 
is  equal  to  28  C.  Intermodulation  levels  increase  with  input  power  according 
to  the  harmonic  relationship  between  the  IMP  and  the  fundamental  signal  being 
increased,  i.e.,  in  the  classical  fashion 

PIM  =  +  nP2  dO) 

This  behavior  must  be  viewed  with  caution  because  of  the  multivalued  behavior 
of  the  measured  data  curves. 

Thus,  out  of  the  12  causative  factors  examined,  only  two  exhibited 
sufficiently  stable  behavior  to  be  included  in  a  model.  The-  resulting 
expression  is 

PIM  =  mP1  +  nP2  +  (T  -  28)/ 10  +  B  (11) 

power  in  dBm  of  the  IMP, 

power  in  dBm  of  the  input  signal  at  frequency  f^, 

power  in  dBm  of  the  input  signal  at  frequency  f2, 

temperature  in  degrees  Celsius,  and 

-93  dBm  with  a  standard  deviation  of  6  dB 
for  a  MIM  junction  without  sealant 

-72  dBm  with  a  standard  deviation  of  18  dB 
for  a  MIM  junction  with  a  sealant. 

Even  though  limited  in  its  description  of  the  IMP  behavior  of  MIM 
junctions,  this  model  provides  a  starting  point  for  quantifying  the  behavior 
of  these  types  of  interference  sources.  Much  more  investigation  of  MIM 
junctions  is  needed  to  carefully  quantify  their  behavior  and  to  define  those 
specific  factors  which  contribute  to  the  IM  products. 


where 


IM 


T 

B 
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4.0  MODEL  VERIFICATION 


The  model  summarized  in  the  previous  section  was  developed  from  the 
measured  data  on  57  test  samples  and  describes  the  effects  of  one  test  sample 
parameter  (sealantl  and  four  external  parameters  (vibration,  temperature, 
pressure,  and  input  power)  on  IMP  generation.  Other  parameters  were  shown  to 
have  no  measurable  or  consistent  effect.  In  order  to  verify  these 
observations  two  new  test  samples  were  constructed  as  outlined  in  Section  3.2 
with  the  material  given  in  Appendix  A.  In  measuring  the  IMP  levels  of  these 
verification  test  samples,  vibration,  temperature,  pressure,  input  power,  and 
frequency  were  varied  using  techniques  described  in  Section  3.3  and  Appendix 
C.  Table  4  gives  the  specific  values  for  each  of  the  external  parameters  and 
the  measured  IMP  levels  for  both  verification  test  samples. 

The  measured  IMP  levels  for  Verification  Test  Samples  #1  and  #2  with  an 
input  power  of  +44  dBm,  a  frequency  of  350  MHz,  and  a  temperature  of  26°  C  are 
well  within  the  range  predicted  by  the  model  for  test  samples  with  a  sealant, 
i.e.,  -72  dBm  with  a  standard  deviation  of  18  dB.  Furthermore,  both 
verification  test  samples  produced  stable  IMP  levels  with  vibration  having  no 
effect . 

The  data  for  temperature  versus  IMP  generation  is  shown  graphically  in 
trgure  11.  The  model  predicts  that  for  every  10°  C  increase  in  temperature  the 
IMP  level  will  increase  1  dB.  This  relationship  is  not  evident  in  Figure  11. 
Indeed,  the  IMP  levels  tended  to  decrease  as  the  temperature  increases.  A  re- 
evaluution  of  this  relationship  considering  both  the  original  data  and  the 
verification  data  indicates  that  a  change  in  temperature  does  cause  a  change 
in  IMP  level;  however,  the  magnitude  or  direction  of  this  change  is  not 
pred  ictable . 

Next  an  external  pressure  was  applied  to  the  verification  test  samples. 
For  both  test  samples  no  effect  on  IMP  levels  was  observed.  Recall  that  both 
test  samples  produced  sCable  IMP  levels.  Therefore,  according  to  the  model  no 
effect  was  expected. 

The  data  for  input  power  versus  IMP  levels  is  shown  graphically  in 
Figure  12  for  Verification  Test  Sample  #1  and  in  Figure  13  for  Verification 
Test  Sample  #2.  For  both  test  samples  the  fundamental  input  powers  were  kept 
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TAILS  4 


VERIFICATION  OF  TEST  PARAMETERS, 
THEIR  VALDES,  AID 
MEASURED  IMP  LEVELS 


Till  PI  CAT  I  OK  MEASURED 


TEST 
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equal  and  both  were  varied.  A  slope  of  3  is  predicted  by  the  model  for  this 
case  and  is  plotted  with  the  data.  Here  the  measured  data  fits  very  closely 
with  the  predicted  curve  and  substantiates  the  model. 

The  last  external  parameter  is  frequency.  The  data  for  frequency  versus 
IMP  levels  is  shown  in  Figure  14  for  Verification  Test  Sample  # 1.  Again,  as 
for  the  original  data,  there  is  no  apparent  relationship  between  frequency  and 
IMP  generation. 

As  a  result  of  these  measurements  and  analysis,  each  of  the  relationships 
in  the  model  was  verified  except  for  temperature  versus  IMP  level.  The  IMP 
measurements  for  temperature  variations  were  inconsistent,  if  not 
contradictory,  to  the  model  predictions.  Therefore,  the  model,  Equation 
(11),  in  Section  3.4  should  be  changed  to: 

PIM  =  m  Pi  +  n  P2  +  B  (1: 

where  PTU  =  power  in  dBm  of  the  IMP, 

In 

Pj  =  power  in  dBm  of  the  input  signal  at  frequency  fj, 

=  power  in  dBm  of  the  input  signal  at  frequency  f ^ ,  and 

B  *  -?3  dBm  with  a  standard  deviation  of  6  dB  for  a  MIM 

junction  without  a  sealant 

=  -72  dBm  with  a  standard  deviation  of  18  dB  for  a 
MtM  junction  with  a  sealant. 


FIGURE  14.  IMP  LEVEL  MEASURED  A'3  A  -UNCTION  OF  FREQUENCY 
FOR  VERIFICATION  TEST  SAMPLE  NO.  1. 


5.0  CONCLUSIONS  AND  KECOMfENDATIONS 


Initially  an  in-depth  literature  review  and  analysis  was  undertaken  to 
determine  the  feasibility  of  developing  a  model  based  on  quantum  electron 
tunneling  theory.  As  a  result,  it  was  concluded  that  a  measurement  approach 
was  more  feasible  and  appropriate.  A  sensitive  test  setup  was  used  which  was 
proven  to  accurately  and  repeatably  measure  the  levels  of  IMPS  produced  by 
passive  devices.  Test  samples  were  then  constructed  which  model  M1M  junctions 
as  a  function  of  junction  parameters.  The  construction  paralleled  industrial 
aircraft  construction  techniques  and  used  identical  materials.  In  addition, 
one  sample  was  a  panel  removed  from  a  typical  aircraft.  The  IMP  levels  of 
these  test  samples  were  measured  at  different  frequencies,  pressures, 
temperatures,  and  input  power  levels.  Models  were  then  developed  which 
predict  IMP  levels  from  the  causative  parameters.  Finally,  the  models  were 
verified  by  measuring  the  IMP  levels  of  two  new  test  samples  and  comparing  the 
results  to  predicted  values.  The  following  general  conclusions  and 
recommendations  reaulting  from  this  process  are  offered: 


(1)  The  literature  review  revealed  that: 

o  Much  research  has  already  been  done  in  this  area  with  large 

disagreements  as  to  the  correct  form  of  the  tunneling  equations. 

o  Current  state-of-the-art  tunneling  theory  can  only  predict  1-V 

curves  at  dc  with  no  frequency  dependence. 

o  Measured  I-V  curves  on  carefully  controlled  idealized  MIM 

junctions,  even  at  dc,  are  not  accurately  represented  by 
contemporary  electron  tunneling  models. 

o  Due  to  the  large  number  of  variables  in  typical  (real-world)  MIM 
junctions  and  to  the  inherent  instability  of  the  phenomenon,  it  is 
the  opinion  of  most  researchers  that  an  electron  tunneling  model 

3 

cannot  predict  IMP  levels  on  C  I  platforms. 

o  If  an  electron  tunneling  model  were  developed,  it  would  at  best 

predict  IMP  levels  only  for  idealized  MIM  junctions  where  each 
parameter  was  carefully  controlled  and  measured. 

o  An  empirical  model  based  or.  measurements  of  representative  MIM 

junctions  has  the  greatest  chance  for  success. 


49 


(2)  As  a  result  of  the  previous  conclusions,  a  measuiement  scheme  was 
utilized  to  measure  the  third  order  IMPs  generated  in  MIM  junctions. 
Levels  ranged  from  -101  dBm  to  -31  dBm  for  an  input  power  of  +44  dBm  and 
frequencies  between  22  MHz  and  1117  MHz.  The  following  general 
conclusions  about  the  test  samples  were  formulated: 

o  MIM  junctions  can  generate  IMPs  that  are  significantly  higher  than 
IMPs  generated  by  coaxial  cables  and  connectors. 

o  The  levels  of  IMPs  for  some  junctions  can  be  very  stable.  However, 
most  junctions  have  very  unstable  IMP  levels  with  a  wide  range  of 
possible  values  which,  in  general,  are  neither  predictable  or 
repeatable . 

o  Due  to  the  large  variations  in  IMP  levels  with  no  apparent  change  in 
the  external  parameters  a  theoretical  model  is  difficult  to  derive 

o  Junction  constructed  with  a  typical  aircraft  sealant  generate  high 
IMP  levels  with  larger  variations  than  junctions  without  a  sealant 

o  The  behavior  of  most  MIM  junctions  are  very  similar  to  "bad"  coaxial 
cables  and  connectors. 

(3)  It  was  possible  to  model  some  of  the  external  causative  parameters.  The 
variation  of  each  parameter  can  be  summarized  as  follows: 

o  IMP  level  is  a  linear  function  (in  dB)  of  input  power. 

o  An  increase  in  external  pressure  causes  a  decrease  in  IMP  level  to 

approximately  the  minimum  level  for  test  samples  with  unstable  IMP 
levels . 

(4)  It  is  reconmended  that  further  investigations  be  conducted  to  determine 
methods  of  reducing  IMP  levels  in  MIM  junctions.  Recommended  studies 
include  the  following: 

o  Determine  the  effect  of  conductive  sealants  versus  non-conduc t ive 
sealants . 

o  Determine  the  effect  of  higher  pressure  riveted  junctions. 

o  Compare  construction  practices  and  materials  between  manufacturers 

and  examine  their  effect  on  IMP  generation. 
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Conduct  controlled  investigations  of  actual  KIM  junctions  on  C  I 
aircraft . 

Perform  detailed  studies  on  junctions  constructed  so  as  to  vary 
only  an  individual  parameter  at  a  time.  The  number  of  junctions  to 
be  measured  should  be  large  enough  to  statistically  define  the 
behavior  of  IM  products  with  the  particular  parameters. 
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APPEMDXX  A 


TEST  SAMPLES 

Tiie  HIM  junction  test  samples  which  were  used  for  measurement  and 

modeling  of  IMP  generation  were  chosen  to  be  representative  of  the  junctions 

.  .  3 

typically  found  on  the  fuselage  and  wings  of  C  I  aircraft.  Because  of  the 

large  number  of  such  junctions  on  aircraft,  they  are  probably  the  major  source 

of  IM?  g'  ^ration  from  aircraft  MIM  junctions.  The  test  samples  were  selected 

so  as  to  i  the  material  parameters  of  the  MIM  junctions.  Specifically,  the 

teat  samples  were  selected  to  vary  metal  type  and  thickness,  chemical 

treatment,  metal  primer,  sealant,  rivet  types,  and  rivet  pattern  (number  and 

location).  In  addition,  a  few  test  samples  of  solid  metal  (i.e.,  with  no  MIM 

junction)  and  one  test  sample  cut  from  a  panel  of  a  KC-135  aircraft  were 

chosen  for  comparison.  All  of  the  selected  test  samples  and  their  associated 

material  parameters  are  identified  in  Table  A-l. 

The  Test  Sample  No.  in  Table  A-l  is  a  number  assigned  to  each  test  sample 
in  sequential  order  to  aid  in  keeping  track  of  the  test  aampleB  during  the 
measurements.  The  ID  No.  ia  an  identification  number  engraved  in  each  test 
sample  as  it  was  constructed.  The  number  in  the  Aluminum  Alloy  Type  column 
specifies  the  characteristics  of  the  aluminum  in  the  te3t  samples  as  defined 
in  "Aluminum  Standards  and  Data  1979"  published  by  the  Aluminum  Association, 
Inc.,  Washington,  DC.  Test  Samples  50  through  55  were  metals  other  than 
aluminum;  therefore,  the  specific  type  of  metals  for  these  test  samples  are 
given  in  the  Aluminum  Alloy  Type  column. 

In  addition  to  untreated,  four  types  of  chemical  treatments  for  the 
surfaces  of  the  metal  in  the  test  samples  were  employed.  Some  samples  were 
anodized  with  either  chromic  or  sulfuric  acid  in  accordance  with  MIL-A-8625 
which  resulted  in  coatings  with  thicknesses  of  0.08  to  0.10  mils  or  0.30  to 
0.50  mils,  respectively.  Other  samples  had  either  color  or  clear  conversion 
coatings  in  accordance  with  MIL-C-5541 


♦"Anodic  Coatings  for  Aluminum  And  Aluminum  Alloys,"  MIL-A-8625,  13  March 
1969. 

♦♦"Chemical  Conversion  Coatings  on  Aluminum  And  Aluminum  Alloys,"  MXL-C- 
5541,  14  April  1981. 
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Similarly,  two  types  of  paint  primer  were  used  in  addition  to  unpainted 

★ 

metal.  Some  samples  had  a  zinc  chromate  primer  (TT-P-1757)  with  a 
thickness  of  0.30  to  0.40  rails.  Other  samples  had  an  epoxy  polyamide  primer 
(MIL-P-23377 )  with  a  thickness  of  0.30  to  0.70  mils. 

For  the  test  samples  on  which  a  sealant  was  applied,  the  sealant 
consisted  of  polysulfides  (95-977.)  with  chromate  inhibitors  (3-52)  and  wsb 
manganese  cured. 

Two  types  of  rivets  were  used:  buck  and  torque  controlled.  The  buck  type 
rivet  is  inserted  through  the  panels  and  peaned  over.  The  torque  controlled 
rivet  has  a  nut  which  only  allows  a  certain  amount  of  torque.  When  this 
torque  is  reached  the  tightening  collar  twists  off  so  no  further  torque  can  be 
applied. 

Table  A-2  contains  both  verification  test  samples  and  their  associated 
material  parameters.  All  of  the  headings  in  Table  A-2  are  the  same  as  in 
Table  A-l  and  are  discussed  above. 


*  "Primer  Coatings,  Zinc  Chromate,  Low  Moisture  Sensi t ivi ty , "  TT-P-1 757 ,  14 
August  1972. 

**  "Primer  Coatings  Epoxy-Polyamide  Chemical  and  Solvent  Resistant,"  MIL-P- 
23377,  22  March  1982. 
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TABLK  A-l  (contimed) 


A-l  (continued) 
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APPENDIX  B 


IMP  MEASUREMENT  SCHEME 


A  repeatable,  accurate,  and  sensitive  measurement  scheme  for  use  in 

collecting  data  to  characterize  the  IMPa  generated  in  passive  devices  was 

★ 

developed  on  a  recent  RADC  effort  .  On  that  effort,  test  setups  for  IMP 
frequencies  of  22  MHz  and  200  to  425  MHz  were  developed.  Based  on  the  same 
measurement  scheme,  a  test  setup  for  an  IMP  frequency  of  1117  MHz  vaa 
developed  on  the  current  program.  The  general  arrangements  of  all  these  test 
setups  are  identical.  A  block  diagram  of  the  test  setups  is  given  in  Figure 
B-l.  A  few  changes  in  specific  components  were  necessary  as  a  result  of  the 
changes  in  frequencies.  The  equipment  and  components  employed  in  each  test 
setup  are  identified  in  Table  B-l.  Descriptions  of  the  test  setups  as  well  as 
their  differences  are  summarized  in  this  appendix.  The  block  diagram  in 
Figure  B-l  illustrates  that  the  test  setup  consists  of  three  major  sections: 
(1)  the  Power  Source/Combiner  Section,  (2)  the  Test  Sample  Section,  and  (3) 
the  Load/Detector  Section.  The  purposes  of  the  Power  Source/Combiner  Section 
are  to  (1)  generate  the  required  levels  of  RF  power  at  the  fundamental 
frequencies,  (2)  combine  these  two  fundamental  signals  so  that  they  can  be 
applied  to  the  test  samples,  and  (3)  monitor  the  input  power  levels  to  the 
test  samples.  The  power  combiner  in  Table  B-l  for  22  MHz  consists  of  two  Pi- 
network  impedance  transformers  with  a  conmon  output  as  illustrated  in  Figure 
B-2.  (.This  figure  also  shows  the  interconnection  of  the  power  combiner  with 
the  other  elements  of  the  Power  Source/Combiner  Section  of  the  test  setup.) 
The  characteristic  impedance  of  the  transformers  is  50  ohms  such  that  their 
output  impedances,  Z  ^  f)  are  given  by 

.  2 
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Figure  B-l.  Measurement  Setup. 
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Figure  B-2.  22-MHz  Power  Combiner 


where  Z  is  the  frequency  dependent  output  impedance  of  the  bandpass  filter. 
At  frequency  fj,  the  output  impedance,  Zgj,  of  the  bandpass  filter  for  f^  is 
50  ohms.  Hence,  from  Equation  (B-l)  the  output  impedance  of  Pi-network  #1  at 
f^  is  50  ohms.  Also,  at  frequency  f ^ ,  the  output  impedance  of  the  bandpass 
filter  for  f^  is  very  low;  therefore,  again  from  Equation  (B-l),  the  output 
impedance  of  Pi-network  #2  at  f  is  very  high.  Hence,  very  little  of  the  f^ 
signal  couples  through  Pi-network  #2  and  the  bandpass  filter  for  f The 
output  impedance  of  the  power  combiner  at  frequency  f^  is  essentially  50  ohms 
(from  Pi-network  (11)  in  parallel  with  a  very  high  impedance  (from  Pi-network 
#2)  or  is  approximately  50  ohms.  Thus,  essentially  all  of  the  signal  at  f^  is 
coupled  to  the  combined  output  port.  At  frequency  f^  the  roles  of  Pi-network 
#1  and  bandpass  filter  for  f^  interchange  with  those  of  Pi-network  #2  and 
bandpass  filter  for  f^.  Hence,  very  little  of  the  signal  at  f 2  couples  to  the 
signal  generator  and  amplifiers  for  f^  and  essentially  all  of  the  f^  signal 
appears  at  the  output  of  the  power  combiner.  In  summary,  the  Power  Combiner 
helps  isolate  the  two  fundamental  signals  and  combines  them  at  a  common  output 
with  very  little  loss. 

The  200  to  425-MHz  and  the  1117-MHz  power  combiners  consist  of  stripline 
hybrids  specifically  designed  for  each  pair  of  fundamental  frequencies  on  the 
previous  program.  The  two  input  ports  to  each  hybrid  were  chosen  to  provide 
maximum  isolation  between  the  fundamental  signals  and  the  output  port  was 
chosen  to  give  the  least  insertion  loss.  The  fourth  port  was  terminated  in  a 
50-ohm  load.  It  was  noted  that  an  extremely  linear  load  for  this  port  was 
important  in  reducing  the  inherent  IMP  level  of  the  test  setup.  A  250-ft 
length  of  RG-223/U  coaxial  cable  with  a  50-ohm  termination  was  found  to 
provide  the  necessary  linearity. 

During  the  development  of  the  measurement  scheme  and  test  setups  on  the 
previous  effort,  it  was  noted  that  the  inherent  IMP  level  of  the  22-MHs  setup 
was  excessively  high  when  compared  with  the  test  setups  for  the  higher 
frequencies.  Therefore,  it  was  necessary  to  use  a  band-reject  (i.e.,  notch) 
filter  in  the  22-MHz  test  setup  prior  to  the  test  sample.  This  filter  which 
had  an  attenuation  of  60  dB  at  the  IMP  frequency  was  placed  at  the  output  of 
the  power  combiner  as  shown  in  Figure  B-l. 

The  final  components  of  the  Power  Source/Combiner  Section  are  a 
directional  coupler  and  a  power  meter.  They  sample  the  fundamental  signal 
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levels  at  the  input  of  the  test  sample,  and  thus,  provide  a  means  of 
continuously  monitoring  these  signals. 

The  Test  Sample  Section  of  the  test  setup  consists  of  only  the  test 
sample,  i.e.,  a  MIM  junction  mounted  in  the  test  jig.  The  test  sample  is 
located  between  the  Power  Source/Combiner  and  Load/Detector  Sections  of  the 
test  setup  and  is  connected  to  the  output  of  the  signal  combiner. 

The  Load/Detector  qection  of  the  test  setup  is  connected  to  the  output  of 
the  test  sample.  The  purpose  of  this  section  is  to  provide  an  appropriate 
termination,  i.e.,  50-ohm  load,  for  the  Lest  sample  and  to  provide  a  means  of 
detecting  the  IMPs  and  measuring  their  levels.  Between  the  test  sample  and 
the  load,  a  directional  coupler  is  used  to  sample  the  generated  IMP  for 
detection  with  the  receiver.  This  directional  coupler  and  the  two  IMP 
bandpass  filters  are  used  to  attenuate  the  two  fundamental  frequency  signals 
so  that  they  do  not  create  IMPs  in  the  receiver.  Except  at  22  MHz,  a  low  noise 
figure  (2  dB),  high  gain  (36  dB)  preamplifier  was  used  at  the  input  of  the 
receiver.  (it  could  not  be  employed  in  the  22-MHz  tegt  setup  because  the 
resulting  amplified  fundamental  signals  produced  IMPs  in  the  receiver.)  This 
preamplifier  improved  the  measurement  sensitivity  of  the  higher  frequency 
test  setups  by  more  than  20  dB. 

As  shown  in  Figure  B-l,  part  of  the  Power  Source/Combiner  Section  and  all 
of  the  Test  Sample  and  Load/Detector  Sections  are  located  inside  a  shielded 
enclosure.  Specifically,  the  high  power  signal  sources  are  located  outside 
the  shielded  enclosure  and  the  test  sample  and  detection  systems  are  located 
inside  the  enclosure.  Thus,  the  enclosure  wall  provides  isolation  between  the 
high  level  signals  and  the  sensitive  parts  of  the  test  aetup.  A  high  degree 
of  isolation  was  necessary  to  prevent  undesired  coupling  within  the  test 
setup. 
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APPENDIX  C 
TEST  PROCEDURES 


The  purpose  of  this  appendix  is  to  outline  the  basic  test  procedures 
followed  in  measuring  a  test  sample.  In  general,  the  test  procedures  include 
three  basic,  sequential  steps:  (1)  calibrate  the  test  setup,  (2)  prepare  the 
test  sample  and  set  the  input  power  levels,  and  (3)  measure  the  level  of  the 
IMPs  generated  by  the  test  sample. 

After  the  test  setup  has  been  configured  according  to  Appendix  B,  the 
Power  Source/Combiner  and  Load/Detector  Sections  are  calibrated.  A 
calibrated  signal  at  the  frequency  of  each  fundamental  is  applied  to  the  input 
of  the  dual  directional  coupler  in  the  Power  Source/ Combiner  Section  (see 
Figure  B-l).  The  power  level  at  this  point  is  the  same  as  at  the  input  of  the 
test  sample  because  the  insertion  loss  of  the  directional  coupler  is 
significantly  less  than  1  dB.  The  level  of  each  signal  is  then  read  on  the 
power  meter.  The  difference  between  the  two  input  levels  and  the  two  measured 
levels  are  Calibration  Factors  1  and  2.  These  calibration  factors  are  then 
added  to  the  power  meter  readings  to  determine  the  power  level  of  each 
fundamental  signal  at  the  input  of  the  test  sample.  The  Load/Detector  Section 
is  similarly  calibrated  by  applying  a  signal  at  the  frequency  of  the  IMP  to 
the  input  of  this  section  which  is  normally  the  output  of  the  Test  Sample 
Section  (see  Figure  B-l).  The  level  at  the  receiver  is  then  measured.  The 
difference  between  the  input  level  and  the  measured  level  is  Calibration 
Factor  3.  This  calibration  factor  is  then  added  to  the  measured  IMP  level  at 
the  receiver  to  obtain  the  actual  level  of  the  IMP  generated  in  the  test 
sample.  Typical  values  for  all  of  these  calibration  factors  at  each  frequency 
are  given  in  Table  C-l. 

The  test  samples  are  prepared  according  to  Appendix  A.  The  test  setup  is 
connected  without  a  test  sample.  Using  Calibration  Factors  1  and  2,  the  power 
level  of  each  fundamental  signal  is  set  equal  to  the  desired  level  as 
indicated  by  the  power  meter. 

To  measure  the  test  sample,  the  receiver  (spectrum  analyzer)  is  tuned  to 
the  IMP  frequency  and  adjusted  for  maximum  sensitivity  (i.e.,  300  Hz  bandwidth 
and  10  Hz  video  filter).  The  inherent  IMP  level  of  the  test  setup  is  measured 
using  Calibration  Factor  3.  This  inherent  IMP  level  is  then  recorded  along 
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TABLE  C-l 


CALIBRATION  FACTORS 


Nominal 

Cal  ibrat ion 

Cal  ibration 

Ca 1 ibrat  ion 

IMP 

Factor 

Fac  or 

Factor 

Frequency 

1 

2 

3 

TmHzT 

“TdBT  ' 

nun 

TdB5 

22 

36.0 

36.2 

3  / .  0 

200 

20.5 

20.0 

-14.0* 

275 

20.5 

20.0 

-14.2* 

350 

19.5 

19.4 

-1'-  1* 

425 

19.5 

19.4 

■14.0* 

1  117 

19.6 

20.  1 

2  3.0 

*These  calibration 

factors  are  negative 

because  a  pre-a.tipli 

f  ier  was  used 

l- 


with  the  input  power  levels  for  the  two  fundamentals,  the  frequency  of  the 
IMP,  and  the  various  test  sample  parameters.  The  RF  power  of  each  signal 
source  is  then  turned  off  and  a  test  sample  is  inserted  in  the  test  setup.  The 
mating  surfaces  of  the  connectors  on  the  test  jig  are  coated  with  a  silver 
based  conductive  grease  (Tecknit  P/N  72-00016)  and  securely  tightened  with 
hand  tools.  The  RF  sources  are  turned  on  and  the  level  of  the  IMP  is  observed 
on  the  receiver.  If  the  IMP  level  is  stable,  it  is  measured  using 
Calibration  Factor  3  and  recorded.  After  stable  IMP  levels  are  measured  or  if 
the  observed  level  is  unstable,  the  test  jig  and  the  test  setup  near  the  test 
jig  are  tapped  lightly  to  determine  the  effects  of  vibration  on  the  level  of 
the  IMP.  The  resulting  levels  are  measured  using  Calibration  Factor  3  and 
recorded.  All  of  the  recorded  values  are  given  in  Appendix  D. 

This  procedure  is  repeated,  except  for  calibration  of  the  test  setup,  for 
all  of  the  test  samples  in  Appendix  A.  For  several  test  samples,  measurements 
on  the  same  sample  are  repeated  a  sufficient  number  of  times  to  insure  that 
the  measured  data  is  a  result  of  the  test  sample  and  is  not  caused  by  a  bad 
connection  of  the  test  sample  to  the  test  jig  or  of  the  test  jig  to  the 
remainder  of  the  test  setup. 

For  each  new  IMP  frequency  the  test  setup  is  prepared  according  to 
Appendix  B  and  the  entire  procedure  repeated. 
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APPENDIX  D 

MEASURED  IMP  DATA 

The  IMP  data  measured  for  metal-insulator— metal  junctions  are  listed  in 
Tables  D-l  through  D-4.  Table  D-l  presents  the  data  measured  for  all  the  test 
samples  at  an  IMP  frequency  of  350  MHz  and  an  input  power  of  44  dBm.  Each  test 
sample  was  measured  as  many  times  as  its  Test  Sample  No.  is  listed.  A  range 
for  the  measured  IMP  level  indicates  that  the  measured  level  was  not  stable 
but  randomly  varied  between  the  two  levels  given.  Table  D-2  shows  the 
variation  in  IMP  level  as  a  function  of  the  junction  temperature  for  Test 
Sample  No.  30.  Table  D-3  presents  the  variation  in  IMP  level  for  Test  Sample 
No.  30  with  fundamental  power  levels.  The  entries  in  both  Tables  D-2  and  D-3 
are  listed  in  the  sequence  in  which  they  were  measured. 

Finally,  Table  D-4  lists  the  variation  of  IMP  level  with  the  IMP  test 
frequency  for  three  different  test  samples.  In  this  table,  the  levels  for  an 
IMP  frequency  of  350  MHz  are  repeated  from  Table  D-l  for  completeness. 
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TABLE  D-l 


MEASURED  IMP  LEVEL  POR  EACH  TEST  SAMPLE 
WITH  INPUT  POWER  OP  44  <SBm  AMD  IM  FREQUENCY  OF  350  MHz 


Test 

Tes  t 

Sample 

IMP 

Sample 

IM? 

Nc. 

Lave  1 

No  . 

Level 

( dDm  1 

( dBm) 

1 

-74  to  -54 

16 

-70 

2 

-101 

17 

-94  to  -54 

2 

-100 

17 

-79 

2 

-85  to  -50 

18 

-94  to  -72 

2 

-104  to  -74 

18 

-104  to  -74 

3 

-89 

19 

-76 

3 

-100 

20 

-94  to  -84 

3 

•  90 

2t 

-84 

4 

-104 

21 

-89  to  -79 

4 

-79  to  -69 

22 

-34 

4 

-101 

23 

-94 

4 

-55 

24 

-104  to  -94 

4 

-51 

24 

-64  to  -44 

4 

-104  to  -80 

23 

-72 

5 

-102  tc  -94 

25 

-72 

5 

-104  co  -74 

25 

-67 

5 

-101 

26 

-iOO  to  -84 

c 

J 

-59 

27 

-94  to  -64 

6 

-59 

27 

-94  to  -67 

6 

-57 

28 

-104  to  -80 

6 

-46 

28 

-90  to  -68 

6 

-42 

29 

-104  to  -84 

7 

-94  to  -34 

30 

-35 

7 

-61 

30 

-35 

8 

-90  to  -88 

30 

-36 

8 

-94  to  --84 

30 

-32 

9 

-94  to  -r.i 

30 

-35 

10 

-104  to  -3h 

3 

-37 

1  1 

-98  to  -84 

30 

-34 

12 

-86 

30 

-36 

13 

-104  to  -74 

30 

-37 

13 

-101 

30 

-36 

13 

-104  to  -99 

30 

-32 

13 

-104  to  -99 

30 

-35 

14 

-84  to  -76 

30 

-3? 

15 

-91  to  -84 

30 

-31 

(Coni  1  nui-d) 

TABLE  ?>-l  (concluded) 


MEASURED  IMP  LEVEL  FOE  EACH  TEST  SAMPLE 
WITH  INPUT  POWER  OP  44  dta  ADD  IM  FREQUENCY  O?  350  MB* 


Test 

Test 

Sample 

IMP 

Sample 

IMP 

No. 

Level 

No. 

Level 

(dBm) 

(dBm) 

31 

-99  to  -89 

46 

-104  to  -74 

32 

-104  to  -84 

47 

-80 

33 

-98 

48 

-96  to  -84 

34 

-97  to  -87 

49 

-104  to  -64 

35 

-94  to  -79 

50 

-101 

36 

-104  to  -90 

50 

-102 

36 

-ICO 

50 

-102 

36 

-100 

51 

-103 

36 

-84 

51 

-102 

36 

-81 

51 

-100 

37 

-94  to  -58 

51 

-92 

37 

-84 

52 

-67 

38 

co 

i 

o 

•u 

o 

1 

52 

-88 

39 

-99  to  -84 

53 

-86 

40 

-104  to  -84 

53 

-88  to  -80 

41 

-104  to  -64 

54 

-104 

42 

-104  to  -94 

54 

-84  to  -79 

43 

-92 

54 

-101 

43 

-97 

54 

-97 

43 

-100 

54 

-100 

43 

-104 

54 

-100 

44 

-104  to  -84 

55 

-98 

45 

-97 

55 

-97 

45 

-97 

55 

-101 

45 

-98 

56 

-99 

45 

-84 

56 

-104 

45 

-101 

56 

-104 

45 

-100 

56 

-99 

45 

-104 

56 

-100 

45 

-104  to  -84 

57 

-1G1 

45 

-101 

57 

-101 

45 

-103 

57 

-101 

45 

-84 

57 

-100 

45 

-94 

57 

-84 

46 

-104  to  -74 

57 

-103  to  -99 

TABLE  D-2 


MEASURED  IMP  LEVELS  AT  DIFFERENT 
JUNCTION  TEMPERATURES  FOR  TEST  SAMPLE 
NO.  30  AT  IN  FREQUENCY  OF  350  MHz  AND  INPUT  POWER  OP  44  dta 


Junction 

IMP 

Temperature 

Level 

CO 

(dBm) 

28 

-34 

58 

-40 

45 

-42 

40 

-42 

38 

-42 

32 

-42 

30 

-42 

62 

-39 

42 

-42 

9 

-44 

12 

-44 

15 

-43 

18 

-43 

20 

-43 

22 

-43 

26 

-43 

28 

-43 

28 

-30* 

28 

-31* 

74 

-52 

30 

-49 

100 

-30 

60 

-32 

50 

-34 

45 

-36 

34 

-38 

60 

34 

90 

-29 

♦Between  these  two  measurements,  the  test  sample 

was  removed  from  the  test 

jig.  The  remainder  of  the  data  was  measured  the 

next  day. 
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TABLE  D-3 


MEASURED  DfP  LEVELS  AT  DIFFERENT 
FUNDAMENTAL  POWER  LEVELS  FOR  TEST 
SAMPLE  BO.  30  AT  IM  FREQUENCY  OF  350  MHz 


FUNDAMENTAL 

POWER  LEVELS 

Source  1 

Source  2 

IMP 

at  375  MHz 

at  400  MHz 

Level 

(dBm) 

(dBm) 

(dBm) 

37.0 

41- C 

-40.  a 

39.0 

41.0 

-38.1 

41.0 

41 .0 

00 

n 

41.0 

41 .0 

-35.8 

36.0 

36.0 

-41.6 

34.0 

36.0 

-46 . 6 

32.0 

36.0 

-51.2 

30.0 

36.0 

-54.4 

28.0 

36.0 

-58 . 2 

25.0 

36.0 

-62.4 

36.0 

36.0 

-41.8 

36.0 

34.0 

-44.2 

36.0 

32.0 

4> 

ui 

00 

36.0 

30.0 

-47.6 

36.0 

28.0 

-49.5 

36.0 

26.0 

-51.2 

36.0 

36.0 

-41.6 

34.0 

34.0 

-47.6 

32.0 

32.0 

-53.2 

30.0 

30.0 

-58.0 

28.0 

28.0 

-63.6 

26.0 

26.0 

-69.4 

41.0 

41 .0 

-36.2 

41 .0 

41.0 

-43.8 

(Cont  iruit'd) 
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TABLE  D-3  (concluded) 


MEASURED  IKP  LEVELS  AT  DIFFERENT 
FUNDAMENTAL  POWER  LEVELS  FOR  TEST 
SAMPLE  1*0.  30  AT  IM  FREQUENCY  OF  350  MHz 


FUNDAMENTAL 

POWER 

LEVELS 

Source  1 

Source  2 

IMP 

at  375  MHz 

at  400  MHz 

Level 

(dBm) 

(dBm) 

(dBm) 

43.2 

41.0 

-40.0 

45.1 

41.0 

-36.0 

46.8 

41.0 

-32.8 

49.5 

41.0 

•32.4 

47  .0 

41.0 

-38.4 

45.0 

41.0 

-43.0 

43.0 

41.0 

-46.2 

41.0 

41.0 

-50.8 

41.0 

41.0 

-52.0 

41.0 

43.0 

-50.4 

A 1 . 0 

45.0 

-47.6 

41 .0 

49.0 

-42.0 

41.0 

41.0 

-57.0 

44.0 

44.0 

-47.8 

47  .0 

47  .0 

-72.0* 

41.0 

41.0 

-70.0* 

47.0 

4  7.0 

-60.0* 

49.0 

49.0 

-54.0* 

44.0 

44 . 0 

-94  to  -74** 

*These  numbers  are  the 
indicated  fundamental 

inherent  IMP  levels  ol  the 
power  levels  . 

test  setup  at  the 

**The.  measured  IMP  level  was  not  stable;  it  varied  between  -94  and  -74  dBm. 


TABLE  D-4 


MEASURED  DIP  LEVELS  AT  DIE? BREST 
IM  TEST  FREQUENCIES  FOR  THREE  TEST 
SAMPLES  WITH  INPUT  POWER  OP  44  dBm 


Tin 

SAMPLE 

*0. 


■OMXRAL 

Dt 

mooiscT 

(mV) 


tMP 


LEVEL 

Tib*) 


4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

6 

6 

6 

6 

6 

6 

6 

6 

6 


22 

-62 

200 

-S3  to  -74 

275 

-95  to  -79 

275 

-96 

350 

-104 

350 

-79  to  -69 

350 

-101 

350 

-55 

350 

-51 

350 

-104  to  -80 

425 

-54  to  -44 

1117 

75  to  -70 

22 

-35 

200 

-58 

275 

-46 

275 

-48 

350 

-59 

350 

-57 

350 

-46 

350 

-42 

425 

-49 

1117 

-44 

22 

-44  to  -30 

200 

-48 

275 

-48 

275 

-48 

350 

-35 

350 

-35 

350 

-36 

350 

-32 

350 

-35 

350 

-37 

350 

-34 

350 

-36 

350 

-37 

350 

-36 

350 

-32 

350 

-35 

350 

-32 

350 

-31 

425 

-30 

425 

-29 

1117 

-35 
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Rams  Air  Development  Center 

RAOC  p Ians  and  executes  resear ch,  development,  test  and 
Selected  acquisition  programs  in  support  of  Command,  Control 
Communications  and  Intelligence  (C^T)  activities.  Techtucal. 
and  engineer-lng  Support  rnithi ti  areas  of,  technical  competence 
is  provided  to  ESn  Program  Offices  ("Oil  and  other  CSV 
elements.  The  principal  technical  mission  areas  are 
communications ,  electromagnetic  guidance  and  control,  sur¬ 
veillance  of  ground  and  aerospace  objects,  intelligence  data 
collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microwave 
physics  and  electronic  reliability,  maintainability  and 
compatibility . 


